DISTFUBUTED OPTICAL AMPLIFYING APPARATUS. OPTICAL COMMUNICATION STATION, 
OPTICAL COMMUNICATION SYSTEM. AND OPTICAL FIBER CABLE 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application daims priority to Japanese application No. 2000-330966, filed October 30, 
2000, and which is incorporated herein by reference. 

BACKGROUND OF THE INVENTION 
1 . Reld of the Invention 

[0002] The present invention relates to a distributed optical amplifying apparatus which can sen^e 
botii as an optical transmission line and an optical amplifying medium, and more particulariy, to a 
distaibuted optical amplifying apparatus which can compensate transmission loss, prevent a 
nonlinear optical effect, and improve an optical signal-to-noise ratio. Moreover, the present invention 
relates to an optical fiber cable suitable for the distributed optical amplifying apparatus, an optical 
communication station induding Uie distiibuted optical amplifying apparatus, and an optical 
communication system induding the distributed optical amplifying apparatus. 

. 2. Description ofihe Related Art 

[0003] Optical communication systems will be used in future multimedia networi<s, as advances in 
optical communication technology should enable tiie high t)andwidth, high capadty, ultra long 
distance transmission required by such future multimedia networks. Wavelengtii division 
multiplexing (hereinafter abbreviated to "WDM') is a significant optical communication techndogy 
being developed for tills purpx^se, as WDM effectively utilizes the broadband characteristics and 
large capadty of an optical fiber. 

[0004] More specifically, in WDM optical communication systems, a pluralify of optical signals at 
d'rfferent wavelengths are multiplexed togetiier into a WDM optical signal. Hiis WDM optical signal 
is tiien transmitted through a single optical fiber as an optical transmission line. A WDM optical 
communication system can provide extremely high bandwidth, high capadty, long distance 
transmission. 



[0005] In a long distance optical communication system, since a WDM optical signal attenuates 



while being transmitted through an optical transmission line, the WDM optical signal must be 
amplified after being transmitted a certain distance. For this reason, optical amplifying apparatuses 
for amplifying the WDM optical signal are currently in use, and further research and development of 
such apparatuses is occuning. 

[0006] Therefore, in a oonvenbonal WDM optical communication system, an optical transmitting 
station uses wavelength division multiplexing to multiplex together a plurality of optical signals at 
different wavelengtiis into a WDM optical signal. The WDM optical signal is then transmitted 
through an optical transmission line. An optical receiving station receives the transmitted WDM 
optical signal from the opta'cal transmission line. One or more optical repeater stations are 
positioned along the optical fransmission line to amplify tie WDM optical signal. The number of 
optical repeater stations is typically determined in accordance witii system design parameters to 
provide a sufndent amount of amplification. 

[0007] While being transmitted through tiie optical transnnission line, the WDM optical signal 
deteriorates in its waveform due to wavelengtii dispersion, transmission loss, and a nonlinear optical 
effect Therefore, various oountermeasures have been devised. 

[0008] For example, various conventional methods have been devisedfer providing wavelength 
dispersion compensation, in one such method, a dispersion-managed fiber (hereinafter abbreviated 
to 'DMP) combines optical fitters witii different wavelengtii dispersion from each other. 

[0009] FIGS. 1 A and 1 B are diagrams showing the structures of conventional 
dispersion-managed fibers. 

[0010] More specifically, FIG. 1 A shows a partial stucture between tNO stetions in an optical . 
communication system, where an optical repeater stetion 1004-A and an optical repeater stetion 
1 004-B are connected by an optical transmission line 1 002. The optical transmission line 1 002 is 
composed of an optical transnnission fine 1002-L1 whose wavelengtii dispersion is positive and an 
optical tansmission line 1 002-12 whose wavelengtii dispersion is negative. An optical signal is . 
transmitted to tiie optical repeater stetion 1 004-B from tine optical repeater stetion 1 004-A via the 
optical transmission line 1002-L1 and ttie optical transmission line 1 002-L2. While being 
transmitted, the optical signal undergoes a positive v\^velength dispersion in tfie optical tansmission 
line 1002-L1 and undergoes a negative wavelengtii dispersion in tiie optical bansmission line 
1002-1-2 to be compensated in a manner ttiat accumulated wavelengtii dispersion becomes almost 
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zero. The DMF as described above Is disclosed, for example, In US Patent No. 5.1 91 ,631 , and 
Japanese Patent Laid-open No. Hei 9-31 8824, A symmetrical DMF In which the wavelength 
dispersion is made symmetrical is also disclosed. 

[001 1] FIG. 1 B shows a par^al stmclure of two stations in an optical communication system. An 
optical repeater station 1004-C and an optical repeater station 1004-D are connected by tine optical 
transmission line 1 002. The optical transmission line 1 002 is composed of an optical transmission 
line 1002-L3 whose wavelengtii dispersion is positive, an optical transmission line 1002-L4 whose 
wavelength dispersion is negative, and an optical transmission line 1002-L5 whose wavelength 
dtepersion is positive. An optical signal which is sent out firom the optical repeater station 1 004-C 
undergo^ the positive wavelength dispersion in the optical transmission line 1002-L3. undergoes 
the negative wavelengtii dispersion in the optical transmission line 1002-L4, and undergoes the 
positive wavelengtii dispersion in ttie optical transmission line 1 002-L5. Therefore, ttie optical signal 
is transmitted to tiie optical repeater station 1004-D in a manner so that compensation causes 
accumulated wavelength dispersion to become almost zero. Meanwhile, an optical signal sent out 
from tiie optical repeater station 1004-D undergoes the positive wavelengtii dispersion in tiie optical 
transmission line 1002-L5. undergoes the negative wavelengtii dispersion in tiie optical transmission 
line 1002-L4, and undergoes the positive wavelength disperaon in the optical transmission line 
1002-L3. Therefore, the optical signalls transmitted to the optical repeater station 1004-C in a 
manner so that compensation causes accumulated wavelengtii dlsper^on to become almost zero. 
Such a DMF is disclosed, for example, in US Patent No. 5,778.128, a paper. "Enhanced power 
solitons in optical fibers witii periodic dispersion managemenf (N.J. Smitii. FM. Knox, N.J. Doran, 
KJ. Blow and I. Bennion: Electronics Letters. Vol. 31 . No. 1 . p54-p55, 4tii Jan. 1 996). a paper , 
"Energy-scaling characteristics of soHtons in strongly dispersion-managed fibers" (N.J. Smitti, N.J. 
Doran. RM. Kncxand W. Fbrysalc Optics Letters. Vol. 21. No. 24. p1981-p1983, 15tti Dec 1966). 
and a paper. "40 Gblt/s x 16 WDM transmission over 2000 km using dispersion managed 
taw-nonfinear fiber span" (Itsuro Morita. Keip Tanaka. Noboru Edagawa and MasatoshI Suzuki: 
ECXDC 2000. Vd. 4. p25-p26. 2000). 

[00121 These conventional technologies are devised from tiie viewpoint of wavelengtii dispersion 
compensation. Such technologies were not devised in consideration of a system in which an optical 
transmission line also serves as an optical ampfilying medium for distributed optical amplification. 

[001 3] Meanwhile, various mettiods for compensating ttie transrrosaon loss have also been 
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conventionally devised, and a distributed optical amplifying apparatus, especially a distributed 
Raman amplifier, is one of them. 

[0014] FIGS. 2A and 2B are diagrams showing ttie structures of conventional loss 
compensated/distributed Raman amplifiers. 

[001 5] FIG. 2A shows a partial structure between two stations in flie optical communication 
system described above, where tiie optical repeater station 1004-A and an optical repeater station 
1004-E are connected witti tiie optical transmission line 1002. In tiie optical repeater station 
1004-E, a pump light source 1G05-E for supplying pump light used for Raman amplification is 
provided. The optical transmission line 1 002 is composed of an optical transmission line 1 002-L6 
which has a large effective cross section and an optical transmission line 1002-L7 whidi has a small 
effective cross section compared with that of the optical transmission line 1002-L6, and it is supplied 
wiUi tiie pump light firom tiie pump light source 1 005-E. An optical signal is transmitted fi[om tiie 
optical repeater station 1 004-A to the .optical repeater station 1 004-E via tiie optical transmission line 
1002-L6 and flie optical transmission line 1007-L7, and is Raman-amplified by flie pump light in tiie 
optical transmission line 1002 while being tnansmitted to be compensated in such a manner tiiat 
transmission loss becomes almost zero. In other words, the optical signal is Raman-Amplified so 
tiiat an output optical level of the optical repeater station 1 004-A and an input optical level of ttie 
optical repeater station 1 004-E are substantially equal to each otiier. The effective cross section is a 
part of a cross section of ttie optical ta^nsmission line in which tiie optical signal and tiie pump light 
interact witii each otiier to cause sufficient Raman amplification. Such a DMF is disclosed, for 
example, in a paper, "40 Gbit^s x 8 NZR WDM transmission experiment over 80 km x 5-span using 
distlbuted Raman amplification In RDP (R Ohhira. Y. Yano, A. Noda, Y. Suzuki. C. Kurioka, M. 
Tachigori, S. Moribayashi, K. Fukuchi.T. OnoandT.SuzakI: ECOC '99. 26-30, p176-p177, Sep. 
1999, Nice, France). 

[0016] Here, a size of tiie effective cross section correlates witti a scale of tiie nonlinear optical 
effect When the effective cross section is large, tiie nonlinear optical effect is small. On tiie otiier 
hand, when the effective cross section is small, tiie nonlinear optical effect is large. Therefore, flrom 
tiie viewpoint of a choice of whettier optical power in tiie optical repeater station 1 004-A from which 
the optical signal is sent out is increased or optical power in the optical repeater station 1004-E firom 
which tiie pump Dght is supplied is increased, a structure as shown in FIG. 2B in also possible. In 
FIG. 2B, the optical transmission line 1002 is composed of an optical transmission line 1002-L8 



4 



which has a small effective cross section and an optical transmission line 1002-L9 which has a large 
effective cross section compared with the optical transmission line 1002-L8. The optical 
transmission line 1002-L8 is connected to the optical repeater station 1004-A. Such a structure is 
disclosed, for example, in a paper, "A proposal of a transmission line without any loss in a longitudinal 
direction utilizing distributed Raman amplification'' (Toshiaki Olcuno, Tetsufumi Tsuzaki and Masayuki 
Nishimura: B-1 0-1 16, the 2000 Sodety Conference of the institute of Electronics, Information and 
Communication Engineers). 

[0017] These conventional technologies as shown in FIGS. 2A and 2B are technologies which are 
devised firom tiie viewpoint of compensating tiie transmission loss and no consideration is made for 
the wavelengtii dispersion compensation, an optical signal-to-noise ratio (hereinafter abbreviated to 
'optical SNR*), and so on. 

[0018] Furthemiore, in tiie conventional arts as shown in FIGS. 1 A and 1 B and FIGS. 2A and 2B, 
the nonlinear optical effect, espedaliy a nonlinear phase shift, is not taken into consideration. 

[0019] It Is notewortity that the wavelength dispersion and ttie effective cross section have such a - 
correlation tiiat an optical fiber witii flie positive wavelengtii dispersion usually has a snnall effective 
cross section and an optical fiber witii tiie negative wavelengtii disperston usually has a large 
effective cross section. 

[0020] In realizing tong distance transmission of an optical signal with less error ratio, tiiere is a 
problem that the wavelength dispersion, tiie transmission loss, and tiie nonlinear optical effect need 
to be compensated in a well-balanced manner as a whole instead of compensating only one physical 
quantify. 

SUMMARY OF THE INVENTION 

[0021] It is an object of tiie present invention to provide an optical amplifying medium having 
appropriate characteristics for providing distributed optical ampOfication and which solves various of 
tiie above-described problems. It is also an object of tine present invention to provide a distributed 
optical amplifying apparatus, an optical fiber cable, an optical communication station, and an optical 
communication system which use such an optical amplifying medium. 

[0022] Additional objects and advantages of tiie invention will be set forth in part in the 
description which follows, and, in part, will be obvious from the description, or may be learned by 
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practice of the invention. 



[0Q23] Objects of the present invention are achieved by providing a distributed optical amplifying 
apparatus, including an optical fiber having a middle field witii a characteristic value which is lariger 
flian characteristic values of fields other tiian flie middle field, ttie characteristic value of a respective 
field being a nonlinear refractive index of ttie optical fiber at tiie respective field divided by an effective 
cross section of ttie fiber at ttie respective field. The apparatus also includes a pump light source 
supplying pump light to the optical fiber. 

[0024] Objects of tine present invention are also achieved by providing a distiibuted optical 
amplifying apparatus including a fiber line and a pump light source supplying pump light to tine fiber 
line. The fiber line includes first, second and third optical fibers connected togettier so that light 
travels through the fiber line finom the first optical fiber, then flirough the second optical fiber and then 
tiirough the tiiird optical fiber. The first, second and third optical fibers having first, second and third 
characteristic values, respectively. The second characteristic value is larger tiian tiie first 
characteristic value and the tiiird characteristic value. The characteristic value of a respective 
optical fiber being a nonlinear refractive Index of the optical fiber divided by an effective cross section 
of the optical fiber. 

[0025] Objects of ttie present invention are further achieved by providing a distributed opta'cal 
amplifying apparatus including (a) a fiber line comprising first second and third optical fibers 
connected together so that light traveling through the fiber line tiBvels tiirough the first optical fiber, 
ttien tiirough tiie second optical fiber, and tiien tiirough the tiiird optical fiber, and (b) a pump light 
source supplying pump light to the fiber line. A value D1/S1 of a wavelengtti dispersion coeffident 
D1 of ttie first optical fiber divided by a wavelengtti dispersion slope S1 ttiereof is almost equal to a 
value D2/S2 of a wavelengtti dispersion coeffident D2 of ttie second optical fiber divided by a 
wavelengtti disperson slope S2 ttiereof. A sum of a value D1 •LI of tiie wavelength dispersion 
coeffident D1of ttie first optical fiber multiplied by a length L1 thereof and a value of ttie wavelengtti 
dispersion coeffident D2 of ttie second optical fiber multiplied by a lengtti L2 thereof is almost zero. 
A wavelength dispersion coeffident, a wavelength dispersion slope, and a length of ttie tiiird optical 
fiber are almost equal to tiie wavelengtti dispersion coeffident D1 , ttie wavelength dispersion slope 
S1 , and ttie lengtti L1 of tiie first optical fiber. Accumulated wavelengtti dispersion in a wavelengtti 
of an optical signal transmitted through tiie fiber line is almost zero at an output of the fiber Gne. An 
accumulated wavelengtti dispersion slope in ttie wavelengtti of ttie optical signal transmitted tiirough 
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the fiber line is almost zero at the output of the fiber line. . 

[0026] Objects of the present invention are also achieved by pro^^ding an optical conrununicatlon 
station including a processing device for performing predetermined processing for an optical signal, 
and a fiber line connected to the processing device. The fiber line includes first, second and third 
optical fibers connected together so that the optical signal travels through the fiber line by traveling 
through the first optical fiber, tiien tiirough tiie second optical fiber, and tiien through tiie third optical 
fiber. The first, second and third optical fibers have first second and third characteristic values, 
respectively. The second characteristic value is larger tiian the first and third characteristic values. 
The characteristic value of a respective optical fiber being a nonlinear reflractive index of tiie optical 
fiber divided by an effective cross section of tiie optical fiber. A pump light source supplies pump 
light to tiie fiber line. 

[0027] Objects of tiie present invention are further achieved by providing an optical 
communication system including (a) an optical transmission line, (b) first and second stations 
connected together ttirough the optical transmission line and peribmrung predetermined processing 
of an optical signal transmitted through tiie optical transmission line, and (c) a pump light source 
supplying pump light to tiie transmission line. The transmission line includes first, second and third 
optical fibers connected togettier so that tiie optical signal travels through the transmission line by 
traveling tiirough the first optical fiber, tiien through the second optical fiber, and then tiinough tiie ^ 
ttiird optical fiber. The first, second and third optical fibers have first, second and tiiird characteristic 
values, respectively. The seoond characteristic value toeing larger than tiie first and tiiird 
characteristic values. The characteristic value of a respective optical fiber is a nonlinear reflractive 
index of tiie optical fiber divided by an effective cross section of the optical fiber. 

[0028] Moreover, objects of ttie present invention are achieved by providing an optical 
communication system including (a) first and second transmission lines, each having first and 
second ends, (b) an optical transmitting station generating an optical signal and providing the 
generated optical signal to tiie first end of tiie first tafansmission line so that tiie optical signal travels 
through the first transmission line to tiie second end of tiie first tansmission line, (c) an optical 
repeater station receiving tiie optical signal from the second end of tiie first fransmission line, 
amplifying tiie received optical signal, and providing tiie amplifying optical signal to tiie first end of ttie 
second transmission line so tiiat the amplified optical signal travels through the second transmission 
line to the second end of tiie second transmission line, and (d) an optical receiving station receiving 
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the amplified optical signal fifom the second end of the second optical transmission line. At least one 
of the first and second transmission lines Includes first, second and third optical fibers connected 
together so that the optical signal travels through the respective transmission line by traveling through 
the first optical fiber, then through the second optical fiber, and then through the third optical fiber. 
The first, second and third optical fibers having first, second and third characteristic values, 
respectively, the second characteristic value being larger than the first and third characteristic values. 
The characteristic value of a respective optical fiber being a nonlinear refiractive index of tiie optical 
fiber divided by an eflective cross section of the optical fiber. Pump light source is providing to tiie 
respective transmission line. 

[0029] Objects of the present invention are achieved by providing an optical fiber cable including a 
plurality of optical fibers. Each optical fiber has a characteristic value in a middle field which is larger 
flian characteristic values in fields other flian the middle field of tiie optical fiber, tiie characteristic 
value in a respective field being a nonlinear refi^ctive index of tiie optical fiber in tiie field divided by 
an effiective cross section of the optical fiber in the field. 

[0030] Objects of ttie present invention are also achieved by providing an optical fitter cable 
including first, second and tiiird optical fibers connected togetiier so tiiat light traveling ttirough tiie 
cable travels ttirough tine first optical fiber, tiien through tiie second optical fiber and Uien through the 
tiiird optical fiber. The second optical fiber has a negative dispersion value. The first and third 
optical fibers each have a positive dispersion value. The cable optically connects togetiier two 
optical repeater stations, or an optical repeater station and an end station. 

[0031] Moreover, objects of tiie present invention are achieved by providing an opticai^, 
communication system including an optical fiber cable comprising first, second and third optical fibers 
connected together so tiiat light traveling flirough tiie cable travels tiirough tiie first optical fiber, tiien 
through tiie second optical fiber and tiien tiirough the third optical fiber. The second optical fiber has 
a negative dispersion value. The first and third optical fibers each have a positive dispersion value. 
The cable optically connects together (a) two optical repeater stations witii one of tiie optical repeater 
stations providing pump light to the cable so tiiat distributed Raman ampRfication occurs in ttie cable, 
or (b) an optical repeater station and an end station so that one of ttie optical repeater station and the 
end station provides pump light to ttie cable so tiiat distaibuted Raman amplification occurs in the 
cable. 

[0032] In addition, objects of tiie present invention are achieved by providing an apparatus 
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Including a transmission line and a pump light source. Tlie transmission line includes first, second 
and tlnird optical fibers connected together from an input end to an output end of the transmission line 
so that a signal light travels through the input end, then through the first optical fiber, then through the 
second optical fiber, then through the third optical fiber and then through the output end. The first, 
second and third optical fibers have first, second and third characteristic values, respectively. The 
second characteristic value is larger tiian tiie first characteristic value and tiie third characteristic 
value. The characteristic value of a respective optical fiber being a nonlinear refiractive index of the 
optical fiber divided by an eflfiBctive cross section of ttie optical fiber. The pump light source supplies 
pump light to the transmission line so that tiie signal light is amplified by Raman amplification as tiie 
signal light travels tiirough tine transmission line 

[0033] Further, objects of tiie present invention are achieved by providing an apparatus including 
a transmission line and a pump light source. The transmission line Includes first second and third 
optical fibers connected togetiier from an input end to an output end of ttie transmission line so that a 
signal light travels tiinough the input end, then tiirough the first optical fiber, tiien through tiie second 
optical fiber, then ttirough the third optical fiber and tiien ttirough tine output end. The pump light 
source supplies pump light to the transmission line so tiiat tiie signal light is amplified by Raman 
amplification as tiie signal light travels ttirough ttie transmission line. A value D1/S1 of a wavelengtii 
dispersion coefficient D1 of the first optical fiber dMded by a wavelengtii dispersion slope SI ttiereof 
is almost equal to a value D2^S2 of a wavelengtii dispersion coeflRdent D2 of ttie second optical fiber 
divided by a wavelengtii dispersion slope S2 tiiereof. A sum of a value D1 •LI of the wavelengtii 
dispersion coefficient D1of the first optical fiber multiplied by a lengtii LI thereof and a value of ttie 
wavelength dispersion coefficient D2 of the second optical fiber multiplied by a lengtii L2 tiiereof is 
almost zero. A wavelengtii dispersion coefficient, a wavelengtii dispersion slope, and a lengtii of tiie 
tiiird optical fiber are almost equal to tiie wavelengtii dispersion coefficient D1 , the wavelength 
dispersion slope SI , and tiie lengtii L1 of the first optical fiber. Accumulated wavelength dispersion 
in a wavelengtii of ttie signal light is almost zero at the output end of tiie transmission line. An 
accumulated wavelengtii dispersion slope in tiie wavelengtii of the signal light is almost zero at Vne 
output end of die transmission line. 

[0034] Moreover, objects of ttie present invention are achieved by providing an optical 
communication system including (a) an optical transmission fine, (b) first and second stations 
conneded together ttirough tiie optical transmission line and performing predetemnined processing 
of a signal light transmitted through the ticinsmission line, and (c) a pump light source supplying 
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pump light to the transmission line so ttiat the signal light Is amplified by Raman amplification as the 
signal light travels through the transmission line. The transmission line includes first, second and 
third optical fibers connected together so that the optical signal travels through the transmission line 
by traveling through the first optical fiber, then through the second optical fiber, and then through the 
third optical fiber. The first, second and third optical fibers have first, second and third characteristic 
values, respectively, the second characteristic value being larger than the first and third characteristic 
values. The characteristic value of a respective optical fiber being a nonlinear reflractive Index of the 
optical fiber divided by an effective cross section of the optical fiber. 

[00351 Objects of the present invention are also achieved by providing an optical communication 
system including (a) first and second transmissidn Ones, each having first and second ends, (b) an 
optical transmitting station generating an optical signal and providing the generated optical signal to 
the first end of the first transmission line so that the optical signal travels ttirough ttie first transmission 
line to the second end of ttie first ti^nsmission line, (c) an optical repeater station receiving ttie optical 
signal from the second end of ttie first transmission line, amplifying ttie received optical signal, and 
providing ttie amplilying optical signal to ttie first end of ttie second tifansmission line so tiiat ttie 
amplified optical signal ttavels through ttie second transmission fine to ttie second end of ttie second 
transmission Bne. and (d) an optical receiving station receiving tfie amplMied optical signal finom ttie 
second end of ttie second optical tiransmlssion fine. At least one of ttie first and second 
transmission lines includes first, second and ttiird optical fibers connected togettier so ttiat ttie optical 
signal travels ttirough tiie respective transmission line by travefing ttirough tiie first optical fiber, ttien 
ttirough ttie second optical fiber, and ttien ttirough ttie ttiird optical fiber. The first, second and ttiird 
optical fibers having first, second and ttiird characteristic values, respectively, tiie second 
characteristic value being larger ttian ttie first and ttiird characteristic values. The characteristic 
value of a iBspective optical fiber being a nonlinear refractive index of ttie optical fiber divided by an 
effective cross section of ttie optical fiber. Punnp fight being supplied to ttie respective transmission 
line so ttiat ttie optical signal is amplified by l^man amplification as flie optical signal ttavels ttirough 
ttie respective transmission line. 

[00361 Objects of ttie present invention are further achieved by providing an apparatus including a 
ttansmisslon line formed of first, second and ttiird optical fibers, ttie first optical fiber being connected 
to ttie second optical fiber and ttie second optical fiber being connected to tiie ttiird optical fiber so 
tiiat a signal light traveling ttirough ttie transmission line travels ttirough ttie first optical fiber, flien 
ttirough ttie second optical fiber, ttien ttirough ttie ttiird optical fiber. The first, second and ttiird 
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optical fibers have first, secxind and third characteristic values, respectively, the second characteristic 
value being larger than tiie first characteristic value and the third characteristic value. The 
characteristic value of a respective optical fiber being a nonlinear refractive index of the optical fiber 
divided by an effective cross section of the optical fiber. The apparatus also includes a pump light 
source supplying pump light to tiie transmission line so tiiat flie signal light is amplified by Raman 
amplification as the signal light travels through at least one of tiie first, second and tiiird optical fibers. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0037] These and otiier objects and advantages of the invention will become apparent and more 
readily apprBdated firom the following description of tiie preferred embodiments, taken in conjunction 
witii tine accompanying drawings of which: 

FIGS. 1 A and 1 B are diagrams showing tiie stixictures of conventional wavelengtii 
dispersionHTianaged optical transmission lines; 

FIGS. 2A and 2B are diagrams showing the strucbjres of conventional loss 
comperisated/distributed Raman amplifiers; 

FIG. 3 is a diagram showing the structure of an optical communication system, according to 
an embodiment of the present invention; 

FIGS, 4A, 4B and 4C are a diagram showing tiie structure of a totally managed/distributed 
Raman amplifier and charts showing optical power and accumulated wavelength dispersion, 
according to an embodiment of the present invention; 

FIGS. 5A. 58, 5C and 5D are charts showing the correlation between optical power and 
transmission distance for each structure of an optical transmission line, according to an embodiment 
of the present invention; 

FIG. 6 is a chart showing a state of signal optical power (an average value among channels) 
in the optical transmission line when RamannampGfication is performed so tiiat input signal power of 
tiie optical transmission line and output signal power of the optical transmission One become equal to 
each otiier, according to an embodiment of ttie present invention; 

FIG. 7 is a chart showing the conrelation between pump light power and a Raman on/off gain, 
according to an embodiment of the present invention; 

FIG. 8 is a chart showing tiie conrelation between an optical SNR and tine Raman on/off gain, 
according to an embodiment of tiie present invention; 
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FIG. 9 is a chart showing the correlation between phase shift and the Raman on/off gain, 
according to an embodiment of the present invention; 

FIGS. 10A and 10B are charts showing the correlation between the optical SNR and tiie 
Raman on/off gain, according to an embodiment of ttie present invention; 

FIG. 1 1 is a chart showing the correlation between the optical SNR and pump light power 
and tiie correlation between the phase shift and the Raman on/off gain, according to an embodiment 
of the present invention; 

FIG. 12 is a chart showing an eye pattem of tiie optical transmission line for each stnjcture, 
according to an embodiment of tiie present invention; 

FIGS. 1 3A and 1 3B are charts showing the correlation between the optical SNR and the 
Raman on/off gain, according to an embodiment of the present invention; 

FIGS. 14A and 14B are charts showing the correlation between the optical SNR and tiie 
Raman on/off gain (a lengtii ratio: approximately 0.5, transmission line length: 100 km, 50 km, 
respectively), according to an embodiment of the present invention; 

FIGS. 15A and 158 are charts showing the correlation between flie optical SNR and the 
Raman on/off gain (a lengtii ratio: approximately 1 , a transmission line length: 100 km, 50 km, 
respectively), according to an embodiment of tiie present invention; 

FIG. 1 6 is a chart showing ttie correlation between a relative gain and the optical SNR (Type 
2), according to an embodiment of the present invention; 

FIG. 1 7 is a diagram showing tiie structure of an optical transmitting station in tiie optical 
communication system, according to an embodiment of tiie present invention; 

FIG. 18 is a diagram showing flie structure of an optical repeater station In the optical 
communication system, according to an embodiment of the present Invention; 

FIG. 19 is a diagram showing the strndure of an optical receiving station in flie optical 
communication system, according to an embodiment of the present Invention; 

FIGS. 20A, 20B and 20C are views showing examples of mode conversion splicing, 
according to an embodiment of tiie present invention; 

FIG. 21 an explanatory chart showing a wavelength dispersion slope, according to an 
embodiment of the present invention; and 

FIG. 22A and 22B are diagrams showing ttie structure of a bi-directional optical 
communication system, according to an embodiment of the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
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[0038] Reference will now be made in detail to the present preferred embodiments of the present 
invention, examples of which are illustrated in the accompanying drawings, wherein like reference 
numerals refer to like elements throughout 

[0039] FIG. 3 is a diagram showing the stmcture of an optical communication system, according 
to an embodiment of the present invention. 

[0040] RGS. 4A. 4B and 4C are diagrams showing the structure of a totally managed/distributed 
Raman amplifier and charts showing optical signal power and accumulated wavelength dispersion, 
and showing a partial structure between two stations in the optical communication system. 

[0041] Referring now to FIG. 3 and FIGS. 4A, 4B and 4C, the optical conrununication system 
includes an optical transmitting station 101 generating a WDM optical signal including a plurality (for 
example, "m") optical signals at different wavelengtiis multiplexed togetiier. The generated WDM 
optical signal is transmitted through an optical transmission line 102 to an optical receiving station 
1 03. The optical receiving station 103 receives the WDM optical signal and flien processes the 
received WDM optical signal. The optical transmission line 102 receives pump light supplied by a 
pump light source (not shown In FIG. 3, but see pump light source 105-B in FIG. 4A) so fliat flie 
optical transmission line 102 serves as an optical amplifying medium The optical transmission line 
102 is shown In FIG. 3 is being fbmned of individual optical transmission lines 102-1 ttirough 102-a+1 . 
and is shown In FIG. 4A as being fomned of individual optical transmission lines 102-L1 . 1 02-L2 and 
102-L3. 

[0042] Optical repeater stations 104 (shown individually as optical repeaters 104-1 through104a in 
FIG. 3, and 104-A and 104-B In FIG. 4A) are connected between each of the optical transmission 
lines 1 02 in the optical communication system. Plural optical repeater stations 104 are disposed 
between each of tiie individual optical transmission lines fbmiing optical ti^nsmission line 102 
according to need. Each optical repeater station 1 04 includes a pump light source (such as the 
pump light source 105-B shown for optical repeater station 104-B in FIG. 4A) for supplying tiie pump 
light used for distributed optical ampFification to Vne optical transmfesion line 1 02. Furtiiermore, each 
optical repeater station 104 would typically have a concentrated optical amplifying part and/or an 
optical add/drop part according to need. The concentrated optical amplifying part Is, for example, an 
optical drcult for amplifying tiie WDM optical signal to a predetermined output optical level. The 
optical add/drop part is, for example, an optical a'rcuit for adding/dropping an optical signal 
corresponding to a predetemnined channel to/from the WDM optical signal. Moreover, a pump light 
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source (such as pump light source 105-B in FIG. 4A) is also disposed in the optical receiving station 
103. 



[0043] The optical transmission line 1 02 is an optical fiber in which, for each section between 
repeaters, or between a repeater and an end station, has a characteristic value in its middle field tiiat 
is larger tinan characteristic values in fields otiier ttian the middle field, where tiie characteristic value 
is a nonlinear reficactive index nz divided by an effective cross section More specifically, as 
shown in FIG. 4A, the optical transmission line 102 is comprised of a first optical transmission Une 
102-L1 which hse a predetemnined characteristic value, a second optical transmission line 102-L2 
which is connected to the first optical transmission line 102-L1 and has a characteristic value larger 
than that of the first optical transmisston line 102-L1, a third optical transmission line 102-L3 which is 
connected to \he second optical transmission line 102-L2 and has a characteristic value smaller tiian 
that of the second optical transmission line 102-L2. The first optical transmission line 102-U Is 
connected to an optical repeater station 104-A (sometimes, for example, to ttie optical transmitting 
station 101 In FIG. 3) disposed on an upstream side of tiie fransmission direction of tiie WDM optical 
signal. The tiiird optical transmls^on line 1 02-L3 is connected to an optical repeater station 1 04-B 
(sometimes, for example, to an optical receiving station 103 In FIG. 3) disposed on a downstream 
side of the transmission direction of the WDM optical signal. 

[00441 In the optical communication system as described above, an optical signal is 
Fiaman-ampHfied in ttie optical transmission line 102 by the pump light which Is supplied finom a 
pump light source so that transmission loss of the optical tansmission One 102 can be compensated. 
Such pump light might be provided, for example, lirom a pump light source inside of an optical 
repeater stationi 04 (such as pump light source 1 05-B in FIG. 4A) and/or by a pump light source in 
an optical receiving station 103. 

[0045] A Ranrranarriprificationdiaracteristic can be cateulated by tiie following fomriulal. 
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[00461 Here, when a z-axis is taken parallel to the transmission direction in the optical 
transmission One 102. P, (z. u) is power of fbnward light (all light propagating fonward along the optical 
transmission line) at a distance z and a frequency u. Pb (z. u) is power of backward light (all Tight 
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propagating backward along the optical transnnission line) at the distance z and the frequency u. a(u) 
is attenuation amount at the frequency u, y M a Reyleigh's scattering coefficient at the frequency 

u, gr (Au) gr ( ^ -u) is a Raman's gain coefficient between a frequency ^ and u, is the effective 
cross section of the optical transmission line 102, h is a Planck's constant, k is a Boltzmann's 
coefficient, and T is temperature of the optical transmission line 1 02. 

[00471 For fomiula 1 , a paper, "Pump interactions in a 100-nm Bandwidth Raman amplifier^ (H, 
Kidorf. K. Rottwitt, M. Nissov. M. Ma, and B Rabarijaona: IEEE Photonics Technology Letters, Vol. 
1 1 , No. 5, p530-p532) is referred to. _ 

[0048] By setting optical power of the pump light property according to the formula 1 , an input level 
on a receiving side and an output level on a transmitting side can be made substantially equal to 
each other, as shown in FIG. 4B, in the seciion between the optical transmitting station 101 and the 
optical repeater station 104-1 . between each of the optical repeater stations 104 (for example, 
between optical repeater stations 104-1 and 104-2. and between optical repeater stations 104-a-1 
and 104^), and betweeri tiie optical repeater station 104-a and ttie optical receiving station 103. 

[0049] Alternately, the input level on the receiving side and tiie output level on the transmitting side 
can be made substantially equal not according to formula 1 , but by detecting ttie output level at a 
transmitting end, notifying the receiving side of tills value, and continolling tiie power of tiie pump light 
while detecting the input level at a receiving end. 

[0050] Note that a horizontal axis lndic:ates distance and a vertical axis indicates optica! signal 
power in FIG. 48. 

[0051] A nonlinear phase shift 0NL is given by tiie foHowing fonnula 2. 



<>NL = 

AeffCz) 



£2^2 P(z)dz • . .<Ftannula2) 



[0052] HefB, n2 (z) is a nonlinear refractive index regarding a direction of a z-axis, Aej (z) is an 
effective cross section regarding the z-axis, P (z) is optical power regarding the z-axis. k is ©qaressed 
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as k = 1/A, and A is a signal wavelength. 

[0053] By fonmuia 2, the nonlinear phase shift can be prevented by making the characteristic 
value small in a field with large optical power, tor example, in a field near tiie transmitting end where 
ttie optical signal is sent out and a field near the receiving end where the pump light is supplied. 
Furthemnore, In a field witii small power, for example, In a field near a middle of tiie optical 
transmitting line 102 in the transmission direction, even when the characteristic value is increased, 
tiie nonlinear phase shift does not increase very nnuch. 

[0054] Therefore, the optical transmission line 102 as described above, where tiie characteristic 
value of tiie middle optical tiransmission line 102-L2 is made larger flian the characteristic values of 
tiie optical transmission lines 1 02-L1 and 1 02-L3 on both sides, can prevent tiie nonlinear phase 
shift. 

[0055] Moreover, from the viewpoint of wavelength dispersion of the optical transmission line 1 02, 
tiie conrelation between the accumulated wavelength dispersion (ps/nm) and the distance (km) is 
such as shown in FIG. 4(C) when, for example, the first optical transmission line 102-L1 and tiie third 
optical transmisston line 102-L3 have positive wavelengtti dispersion (+D), and the second 
tifansmission line 1 02-L2 has negative wavelengtii dispersion (-D). More specifically, accumulated 
wavelength dispersion of tiie optical communication system Is depicted as a wavelength dispersion 
diagram where the wavelengtii dispersion increases between 0 and LI as the distance increases, 
tiie wavelength dispersion decreases between LI and LI + L2 as the distence increases, and tiie 
wavelengtii dispersion increases again between LI + L2 and L1 + L2 + L3 as tiie distance increases. 
Therefore, tiie optical transmission line 102 can also compensate tiie wavelengtii dispersion. 

[0056] In addition, compared with a two-divisfon staicture of a DMF, deviation amount of the 
accumulated wavelengtii dispersion in the optical transmission line can be reduced and the 
accumulated wavelength dispersion averaged over the distance can be made small so that 
waveform deterioration due to a nonlinear optical effect can be reduced. 

[0057] Incidentally, as for ttie wavelength dispersion of tiie optical transmission line 102, it is also 
suitable ttiat ttie first optical transmission line 102-L1 and tiie tiiird optical transmission line 102-L3 
have ttie negative wavelengtii dispersion (-D) and the second optical transmission line 102-L2 has 
the positive wavelength dispersion (+D). 

[0058] Here, supposing ttiat a wavelengtti dispersion coefficient, a wavelengtii dispersion slope. 
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and a length of the first optical transmission line 102-L1 are D1, S1, and L1 respectively, and a 
wavelength dispersion coefficient, a wavelength dispersion slope, and a length of the second optical 
transmission line 102-L2 are D2, S2. and L2 respectively, and a wavelength dispersion coefficient, a 
wavelength dispersion slope, and a length of the third optical transmission line 102-L3 are D3, S3, 
and L3 respectively, when the optical transmission line is stmctured to satisfy the correlation in the 
following formula, the wavelength dispersion slope is compensated at the same time, so that unifomn 
transmission characteristics can be realized in respective signal wavelengths, 

D1/S1 = D2/S2 = D3/S3, D1 LI + D2 L2 + D3 L3 = 0 ... (Formula 3) 

[0059] Note that a horizontal axis indicates the distance and a vertical axis indicates the 
accumulated wavelength dispersion in FIG. 4C. 

[0060] Thus, the optical communication system as shown in FIG. 3 and FIGS. 4A, 4B and 4C can 
compensate the transmission loss and the wavelength dispersion and prevent the nonlinear phase 
shift to greatly improve an optical SNR, as compared with a conventional optical communication 
system. This makes it possible to lengthen the transmission distance compared with that in a 
conventional optical communication system. 

[0061] Simulations to certify the above-described effects are explained next 

[0062] FIGS. 5A, 5B, 5C and, 5D are charts showing the correlation between tiie optical power 
and the transmission distance for each structure of the optical transmission line. 

[0063] The simulations are carried out in an optical communication system having a DMF, which 
serves as an optical amplifying medium and an optical transmission line, and an optical repeater 
station which is connected to tiie DMF, witii tiie strudure of tiie DMF being changed. Pump light is 
supplied to the DMF via backward pumping, and an eri^ium-doped optical fiber amplifier witii a noise 
figure 6dB is provided in the optical repeater station. 

[0064] The simulations were earned out for three typical structures of tiie DMF. A DMF in a first 
case (Type 1 ) is composed of a first optical fiber witii +D and a second optical fiber witii -D and it is a 
case where ttie pump light is supplied to ttie second optical fiber. A DMF in a second case (Type 2) 
is composed of a first optical fiber whose characteristic value n^Aefr is small compared witii tinat of a 
second optical fiber and which has positive wavelengtii dispersion, tiie second optical fiber which has 
negative wavelengtii dispersion, and a ttiird optical fiber whose characteristic value nJA^is small 
compared with that of ttie second optical fiber, and it is a case where tiie pump light is supplied to ttie 
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third optical fiber. Incidentally, in this sinnulation, the first optica! fiber and the third optical fiber use a 
fiber with the same characteristic and their lengths are equal to each other. A DMF in a third case 
(Type 3) is composed of a second optical fiber with -D and a first optical fiber witii +D, and It is a case 
where One pump light is supplied to tine first optical fiber witii +D. 

[0065] The second case (Type 2) is tine optical transnnission system according to the present 
invention. 

[0066] The characteristic parameters of tiie first to tine third optical fibers are shown in Table 1 . 
These characteristic parameters are examples using values which can be realized easily firom the 
viewpoint of manufacturing and other values may of course be used. The characteristic parameters 
in Table 1 are values at 1550 nm. 



TABLE 1 

Characteristic parameters of first opiicai fiber arid sero L2=2:1) 



Optical 


Length 


Wavelength 


Loss 


.Effective 


Raman's gain 


Nonfinear 


Reyle^h's 


Fiber 


L 


Dispersion 


a 


Cross 


coeffidentgr 


Refractive 


Scattering 




(km) 


D 


m 


section 


(m/W) 


index n2 


Coefficient 






(ps/hm/km) 




Adf 






y 










(pm^) 








first 


L1+L3=68.7 


+20 


0.174 


110 


0.56x10'^^ 


2.9x10^ 


5.8x10* 


second 


L2 =31.3 


-43.9 


0^74 


20 


0.56>c10"^^ 


4.0x10^ 


25x10* 




100.0 















[0067] As shown, for example, in FIG. 3. the total length of the DMF is, for example, 100 km in all 
the cases (Type 1 , Type 2, and Type 3). According to the characteristic parameters in Table 1 , the 
total loss of the optical fibers of 1 GO km is 20.5 dB. In each of the first to the third cases (Type 1 , 
Type 2, and Type 3), the lengths of the first optical fiber and the second optical fiber, as shown in FIG. 
5A, are adjusted in a manner that accumulated wavelength dispersion becomes zero at 1550 nm 
after a WDM optical signal Is transnnitted through the DMF (that fe, after transmitted for 1 00 km), In 
the WDM optical signal, wavelengths of 44 waves are mulfiplexed at an interval of 100 GHz at 1529 
nm to 1 569 nm of a C band. An excitation wavelength of the pump fight is set at a wavelength at 
which the WDM optica] signal is Raman-amplified based on the (fonmula 1) and optical power of the 
pump light is set in a manner that a deviation of optical power between channels at an output end of 
the DMF is within ±0.2 dB. 

[0068] Note that a horizontal axis indicates distance and a vertical axis indicates the accumulated 
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wavelength dispersion in FIG. 5A FIG, 5C shows a state of signal optical power (an average value 
among channels) in the optical transmission line when Raman-amplification is performed so that 
input signal power in the optical transmission line and output signal power in the optical transmission 
line become equal to each other. FIG. 5C shows a case when the transmission distance is 100 km 
and FIG. 5D shows a case when the transmission distance is 50 km. 

[0069] The results are shown in FIG. 6 to FIG. 11. 

[0070] FIG. 6 is a chart showing a state of the signal optical power (the average value among th 
channels) in the optical transmission line when the Raman-amplification is performed so fliat input 
signal power in tiie optical transmission line and the output signal power in Vne optical transmission 
line become equal to each other. 

[0071] FIG. 7 is a chart showing ttie correlation between the pump light power and a Raman 
on/off gain. 

[0072] FIG. 8 is a chart showing Vne correlation between an optical SNR and the Raman on/off 
gain. 

[0073] FIG. 9 is a chart showing tiie correlation between a phase shift and the Raman on/off gain. 

[0074] FIGS. lOAandlOBarechartsshowingtheconrelationbetweentheopticalSNRandflie 
Raman on/off gain. 

[0075] FIG. 1 1 is a chart showing the correlation between the optical SNR and the pump light 
power and the correlation between the phase shift and the Raman on/off gain. 

[0076] Here, FIG. 7 to FIGS. 10A and 10B are the results when tiie transmission distance is 100 
km. 

[0077] Note that in FIG. 6, a horizontal axis indicates the distance shown in a unit of km and a 
vertical axis indicates tine optical power in the optical transmission line 102 shown in a unit of dBm. 
In FIG. 7, a lower horizontal axis indicates the Raman on/oflT gain shown in the unit of dB and a 
vertical axis indicates the pump light power shown in tiie unit of dBm. In FIG. 8, a lower horizontal 
axis indicates tiie Raman on/off gain shown in Vne unit of dB and a vertical axis indicates tiie optical 
SNR shown in the unit of dB. In FIG. 9, a lower horizontal axis indicates Vne Raman on/off gain 
shown in Vne unit of dB and a vertical axis indicates tiie phase shift. In FIGS. 10A and 1 0B. each 
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lower horizontal axis indicates the Raman on/off gain shown In the unit of dB and each vertical axis 
indicates the optical SNR shown in the unit of dB. In FIG. 7 to FIGS. 10A and 10B. each upper 
horizontal axis indicates a relative gain. Here, the relative gain is defined as a value of the Raman 
on/off gain (dB) divided by total transmission loss (dB). and in this simulation, the total transmission 
loss Is 20.5 dB. In FIG. 1 1 . a horizontal axis indicates the pump light power shown in a unit of dBm 
and a vertical axis Indicates the optical SNR shown In a unit of dB. In each of the drawings, the 
results for the first case (Type 1) are Indicated with • or o, the results for the second case (Type 2) 
are indicated with ■ or □. and the results for the third case are Indicated with A or A. The optical 
SNR is calculated by the following formula 4. 

Optical SNR^ (Optical SNR^ju + Optical SNR-^^^ ...{FormulaA) 

[00781 Here, an optical SNRora is an optical SNR by the Raman amplification and an optical 
SNRffiFA is an optical SNR by the erbiunvdoped optical fiber amplifier. 

[00791 The Raman on/off gain Is a ratio between an input level at a receiving end when the pump 
light is supplied (on) and an input level at the receiving end when the pump light is not supplied (off). 

[0080] FIG.6lsachart lnwWcheachofthechartslnFIG.5ClssunnmarizedinonecharL As is 
dear ftom RG. 6. an extent of decrease in an optical level In the transmission distance Is the lowest 
in the second case (Type 2) when transmission Is perfomned. In a 0 km to approximately 50 km 
distance, a characteristic of each of the cases is substantially the same with each other and In an 
approximately 50 km to 1 GO km distance, the characteristic of each of the cases is different finom 
each other to a great extent Therefore, it is dear that the Raman amplification is performed 
remarkably in a distance up to approximatBly 50 km from a receiving end to which the pump fight is 
Kjpplied. 

[0081] AS is dear from RG. 7. the pump light power required for obtaining the same Raman on/off 
gain Increases In the order of the first case (Type 1). the second case (Type 2). and the third case 
(Type 3). In other woids. the Rarran on/off gain can be obtained with the smallest pump fight power 
in the first case, which Is the most effident This Is because a -D fiber whose nonlinear effective 
cross section Is small and a Raman gain coeffident is large is aflotled in a field dosest to a pump fight 
inddent end (that is. a field where the pump light power is suffidently large). Note that a case where 
the Raman on/off gain is 20.5 dB in RG. 7 is shown in FIG. 6. More specifically, in order to make an 
input level at the receiving end almost equal to an output level at a transmitting end. the pump fight 
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power supplied in each of the cases is different from each other. 

[0082] Meanwhile, when the Raman on/off gain is the same, the optical SNR deteriorates in the 
order of the second case (Type 2), the third case (Type 3), and the first case (Type 1 ) as is dear from 
FIG. 8. 

[0083] In a transmission system utilizing optical ampfification, the optical SNR is an essential factor 
in determining signal quality. In FIG. 8. solid lines indicate the optical SNRs defined by a ratio Ps/Pn 
of signal light power Ps to noise fight power Pn (a definition of flie optical SNR which is generally 
used). Here, tiie noise light power Pn Is a sum Pn = Pr + Pe of spontaneous Raman scattered Fight 
power Pr accompanying tiie Raman amplification and ampirfied spontaneous emission (ASE) power 
Pe by tiie erbiurrHioped optical fiber amplifier (EDFA). Furtiiermore, in tiie transmission system 
utilizing tiie Raman amplification, cross talk due to double Reighleigh's scattering deteriorates signal 
qualiV- Therefore, in tills study, an effect caused by Vne double Reighleigh's scattering is also 
studied. Broken lines In RG. 8 Indicate the optical SNRs when the double Reighlegh's scattering is 
taken into consideration, in tills calculation, tiie double Reighlegh's scattered light is also taken as 
ttie noise light besWes tiie spontaneous Raman scatered light and ttie ^E. More specifically, ttie 
noise light power Pn is defined by a sum Pn = Pr + Pe + Pd of ttie spontaneous Raman scattered 
light power Pr, ttie ASE power Pe, and double Reighleigh's scattered light power Pd, and tiie optical 
SNR is defined by tiie ratio Ps/Pn of tiie signal optical power Ps to the noise optical power Pn. 

[0084] When ttie.Raman on/off gain is ttie same, the nonfinear phase shift worsens in ttie order of 
tiie first case (Type 1 ), the second case (Type 2), and tiie ttiird case (Type 3) as is dear flrom FIG. 9. 

[0085] Therefore, in compensating tiie transmissfon loss, ttie second case (Type 2) Is ttie most 
preferable when considering a balance among effidency of the Raman on/off gain, irhprovement of 
ttie optical SNR and prevention of tiie nonlinear phase sh'rfL 

[0086] FIGS. 1 0A and 10B and RG. 1 1 are charts in which tills is seen more dearly. 

[0087] FIGS. IQAand 108 are results when input power of tiie optical fiber is adjusted so tiiat ttie 
nonlinear phase shift becomes a reference value under eadi condition. The reference value fe a 
value of tiie nonlinear phase shift which occurs in ttie first case (Type 1 ) under ttie condition ttial an 
input level is -2dBm and the pump light Is not supplied. 

[0088] Referring to calculation results (solid lines in FIG. 1 0A) when an infiuence of a Reyleigh's 
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cross talk is taken Into consideration, it is dear that the highest (the most preferable) optical SNR is 
obtained in the case of Type 2. It is also clear that the optical SNR in the case of Type 2 is higher 
than that In the otiier cases (Type 1 and 3) in a range where tiie relative gain is approximately 0.5 or 
more (the Raman on/off gain is approximately 10 dB or more). 

[0089] Furthermore, refemng to calculation results (dotted lines in FIG. 1 0B) where tiie Reyleigh's 
cross-talk is taken into consideration, it is dear that the highest optical SNR obtained in the case of 
Type 2 is high compared with the highest optical SNRs in tiie otiier cases (Type 1 and Type 3). 
Therefore, the result tiiat ttie most preferable optical SNR can be obtained In tiie case of Type 2 is 
also taie to the case when the Reyleigh's crosswalk is taken into consideration. It is also dear that 
ttie optical SNR In tiie case of Type 2 is high connpared witti those in tiie otiier cases (Type 1 and 3) 
in a range where tiie relative gain is approximately 0.5 to 1 (flie Raman on/bff gain is approximately 
10 to 20.5 dB). 

[0090] RG.llisachartwherethehorizontala}dsinFIGS.10Aand10Bisreplacedbytiiat 
indrcating tiie pump light power instead and tiie nonOnear phase shift is also plotted. Solid lines in 
FIG. 1 1 indteate the nonlinear phase shifts and broken lines indicate ttie optical SNRs. 

[0091] At present, an upper limit value of the pump ^ht power is limited at around +27 to +30 
dBm from a safety point of view and by a maximum output of ttie pump light source. However, in 
Type 2, it Is dear ttiat a preferable optical SNR can be obtairred witiiout exceeding ttie upper linrtit 
value of the pump light power. 

[0092] Thus, when considering a balance among compensation of the transmission loss, tiie 
eflidency of ttie Raman on/off gain, and ttie prevention of ttie nonlinear phase shift, ttie second case 
(Type 2) is the most preferable. Furthennore, since tiie deviatiori amount of tiie accumulated 
wavelengtti dispersion in tiie optical tiansmission line can be reduced in tfie second case (Type 2), 
as shown in RG. 4C and FIG. 5A, it is ttie best from ttie viewpoint of dispersion compensation. In 
order to confirm this, the foltowing transmission waveform simulation is carried out 

[0093] FIG. 1 2 is a chart showing an eye pattern for each sttudure of ttie optical transmission fine. 

[0094] FIG. 1 2 is a chart showing ttie eye pattern after a retum zero (RZ) optical signal of 40 
Gbit/S wltti each signal being disposed at an interval of 100 GHz is input into ttie optical transmission 
line of each of ttie first to ttie ttiird case (Type 1 . Type 2. and Type 3) at an input level of +4dBm/ch. 
and transmitted for 600 km (100 km x 6 span). 
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[0095] As is dear from FIG. 1 2, the second case (Type 2) according to the present invention can 
obtain the most preferable wavelength with the widest eye pattem aperture. 

[0096] Therefore, the optical transmission line in the second case (Type 2) compensates the 
wavelength dispersion, the transmission loss, and the nonlinear optical effect in a well-balanced 
manner as a whole and also improves the optical SNR most 

[0097] Incidentally, in the above description, explanation is given about the case where a ratio 
L2/(L1 + L3) of the lengtii of the second optical fiber (L2) to tiie total lengtii of tiie first optical fiber 
(L1 + L3) is approximately 0.5, but other ratios are pemnissible. The lengtii ratio is studied below. 

[0098] Accortiing to reference papers, catalog investigation, and logical studies, values of tiie 
characteristic parameters to be talcen by optical fibers which can be manufactured witin tiie present 
technology are shown in Table 2. Here, ttie characteristic parameters in Table 2 are values at a 
wavelengtii of 1 550 nm. 

TABLE 2 



Characteristic parameters of feasible optical fiber 



Optical 
Rber 


Effective 
Cross 
Section 
Aeff 


Nonlinear 
Refractive 
Index 

nz 

(V\r^) 


r\2 /Aeff 


Wavelengtti 
Dispersion 
D 

(ps/nm/km) 


Slope of 
Wavelength 
Dispersion 
(ps/nnri^/km) 


first 


55-120 


2x10-^-3'<1Cr^ 


1.7x10-'"'-5.5x1Cr" 


D1= +8-+21 


0.05-0.07 


second 


15-45 


2x10^-4x10^ 


4.4x1(r^°-26.7xia'° 


D2= -14- -60 


-0.03- -0.3 



E0099] In order to make the accumulated wavelength dispersion zero in one secfion (between twvo 
stations), the ratio L2/(L1 + L3) of the second optical fiber length L2 to the total length (L1 + L3) of th 
first optical fiber is required to be made as fbltows: 

[00100] L2/(L1+L3) = -D1/D2 

[001 01] It is dear that the following formula holds good in the characteristic parameters of the 
optical fiber shown in Table 2. 

L2/(L1 + L3) = -D1/D2 = 0.17 - 1.5 

[00102] FurthemiorB. according to the results as shown in FIG. 5C and so on. in order to obtain the 
Raman ampflfication characteristic for compensating the transmission toss with smaller pump light 
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power, it is more advantageous to lengtlien the length L2 of the second optical fiber, but on the other 
hand, in order to prevent the nonlinear phase shift, it is more advantageous to shorten the length L2 
of the second optical fiber. Therefore, from the viewpoint of this balance, it is preferable that the ratio 
L2/(L1 + L3) of the second optical fiber length L2 to the total length (L1 + L3) of the first optical fiber is 
approximately 0.5 to 1 . 

[001 03] In order to study this in detail, the following simulation is carried out It is described above 
that the present invention is effective when the length ratio is approximately 0.5, and therefore, a 
case where the length ratio is increased to 1 is explained below. The characteristic parameters of 
tiie optical fiber in tiiis case are shown in Table 3. 



TABLE 3 

Characteristic parameters of first optical fiber and second optical fiber (L1+L3:L2=1 :1) 



Optical 
Rber 


Length 
L 

(km) 


Wavelength 

Dispersion 

D 

(ps/nnn/km) 


Loss 
a 

(dB) 


Effective 
Cross 
Section 
Aelf 


Raman's 

Gain 
Coefficient 

gr 

(m/W) 


Nonlinear 
Refractive 
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[001 04] The results of the simulation are shown in the drawings. 

[00105] The results of the simulation areshownin FIGS. 13Aand 13B. FIGS. 13Aand 13Bare 
charts showing the connelation between ttie optical SNR and the Raman on/ofF gain and shows 
results when \he input power of the optical fiber is adjusted so tiiat tiie nonlinear phase shift becomes 
a reference value. The reference value is a value of tiie nonlinear phase shift which occurs in tiie 
Type 1 structure under the condition where tiie input level of ttie optical fiber is -2 dBm/ch, and the 
pump light is not supplied. Referring to ttie calculation result (solid lines in FIGS. 1 3A and 1 38) 
when flie Influence of ttie Reyleigh's cross talk is not taken into consideration, it is dear tiiat ttie 
highest (tiie most preferable) optical SNR can be obtaned in the case of Type 2. Moreover, tiie 
optical SNR in ttie case of Type 2 is high compared wiOi tiiose in tiie ottier cases (Type 1 and 3) in 
the range where tine relative gain is approximately 0.5 or more (tiie Raman on/oif gain is 
approximately 10 dB or more). 



25 



[001 06] Furthermore, referring to the* calculation result when the Reyleigh's cross talk is taken into 
consideration (dotted lines in FIGS. 13Aand 13B), it is dear that a maxinnum optical SNR obtained in 
the case of Type 2 is high compared with maximum optical SNRs in the otiier cases (Type 1 and 3). 
Therefore, the result fliat the most preferable optical SNR can be obtained in tiie case of Type 2 is 
also true when the Reyleigh's cross talk is taken into consideration. In addition, the optical SNR in 
tiie case of Type 2 is high compared with those in the oVner cases (Type 1 and 3) in the range where 
the relative gain is approximately 0,5 - 1 (tiie Raman on/off gain is appro)dmately 10 - 20.5 dB). 

[00107] The results described above certify ttiat tiie present Invention is also effective when the 
length ratio of flie optical fiber L2/(L1 + L3) is approximately 1 instead of 0.5. Therefore It can be 
said that the present invention is especially effective when ttie lengtii ratio L2^(L1 + L3) is 0.5 ~ 1 . 

[00108] Next, a lengfli of tiie transmission line for which tiie present invention is effective Is studied. 
In order to obtain the Raman amplification characteristic which compensates tiie transmission loss 
witii less pump light, it is more advantageous to shorten tiie total lengfli of the transmission line (LI + 
L2 + L3), but when tiie length of tiie transmission line is shortened, signal optical power in the second 
optical fiber witii a large nonlinear coefficient increases so that tiie effects of tiie present invention 
tend to lower. In order to confinm this, simulations are carried out witii the lengtii of tiie transmission 
line being shortened up to 50 km. 

[00109] FIGS. 14A and 14B show the optical SNR when tiie lengtti ratio l-2/(L1 + L3) is 
approximately 0.5 arid tiie lengtii of tiie transmission line is 1 00 km and 50 km, respectively. FIGS. 
15A and 15B show ttie optical SNR when tiie lengtii ratio L2/(L1 + L3) is approximately 1 and tiie 
lengtii of tiie transmission line is 100 km and 50 km. respectively. FIGS. 14A and 14B and RGS. 
15A and 15B are botti results when tiie influence of tiie double Reyleigh's scattering Is taken Into 
consideration. As is dear flnom tiie drawings, tiie optical SNRs in tiie cases of Type 2 and Type 1 
show preferable characteristics compared with that of Type 3, but since ttie maximum optical SNRs 
of Type 1 and Type 2 are almost at the same level, it can be seen ttiat the superiority of Type 2 (or 
the present invention) over the other types is lowered compared with ttiat in ttie case of tiie 1 00 km 
lengtti of ttie transmission line. Therefore, it is dear ttiat ttie present invention is espedally effective 
when the lengtti of ttie transmission lin is 50 km or more instead of shortening it excessively. 
However, when it Is 50 km or less, ttie superiority of ttie present invention firom tiie viewpoint of tiie 
dispersion compensation cable manufacturing efiidency is not lost 

[001 1 0] FIG. 16 Is a chart in which the results described above are summarized witii regard to tiie 
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correlation between the relative gain and the optical SNR in the case of Type 2. All of the curves 
show the results when the double Reyleigh's scattering Is taken into consideration and the nonlinear 
phase shift is fixed. According to FIG. 1 6. it is dear that in all of the cases, the preferable optical 
SNR can be obtained in the range in which the relative gain Is 0.5 to 1 . 

[001 11] Next, example structures of the optical transmitting station 1 01 , the optical repeater station 
104. and the optica! receiving station 103 are described in detail. 

[001 12] First, the structure of the optical transmitting station 101 Is explained. 

[00113] FIG. 17 is a diagram showing the structure of the optical transmitting station In ttie optical 
communication system. In FIG. 17, optical senders (hereinafter abbreviated to 'OS") 21 1-1 tiirough 
21 1 -m each generates an optical signal which Is input to an optical multiplexer (hereinafter 
abbreviated to 'MUX") The number of optical senders would typically correspond to the 
number of wavelengtiis to be multiplexed togetiier into a WDM optical signal. For example, m 
optical senders OS 21 1-1 Uirough OS 21 1-m would be provided to generate m optical signals, 
respectively, at different wavelengUis. These m optical signals are tiien multiplexed by MUX 222 
into a WDM optical signal. 

[00114] EachOS211-1 through 21 1-m might comprise, for example, a semiconductor laser for 
oscillating laser light at a predetermined wavelengtii, an external modulator such as, for example, a 
Mach-Zehnder interferometer type optical modulator for modulating ttie laser light by infbrniation to 
be transmitted to thereby generate a resulting optical signal, and a semiconductor optical amplifier for 
amplifying ttie optical signal. An oscillataon wavelengtii of ttie semiconductor laser Is set according 
to each channel of tiie WDM optical 3ignai. For example, a WDM optical signal in a C band is 
arranged between 1 530 nm - 1 570 nm. Incidentally, tiiere are otiier bands such as an S+ band 
(1450 nm - 1490 nm), an S band (1490 nm - 1530 nm), an L band (1 1570 nm - 1610 nm), and an 
L+ band (1610 nm - 1650 nm). Of course, an optical sender is not limited to this specific 
embodiment and many different types and configurations of optical senders are readily available. 

[001 1 5] The MUX 222 multiplexes tiie wavelengttis of respective optical signals output from OSs 
221-1 - 221-m. to thereby output a WDM optical signal. 

[001 1 6] The WDM optical signal output finom tiie MUX 222 is input to an optical coupler (hereinafter 
abbreviated to 'CPL') 223 to be divided, for example, into two signals. One of tine divided signals is 
Input to an optical amplifying part 240 while ttie other input to a photodiode (hereinafter abbreviated 
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to'PD')226. 

[001 17] The CPL 223 is an optical component for dividing incident light into two signals to thereby 
output the two signals. For example, a microoptic optical coupler such as a half mirror, an optical 
fiber type optical coupler of a fused fiber, an optical waveguide type optical coupler, etc.. are 
examples of possible devices which can be sued as CPL 223. However, the present invention is 
not limited to these exarrples. 

[001 18] A PD 226 is a photoelectric converter for generating current according to optical power of 
received light An output of the PD 226 is input to an analog-digital converter (hereinafter 
abbreviated to 'ND") 228 for converting an analog input to a digital ou^uL An output of the A/D 228 
is input to a central processing unit (herelnafta- abbreviated to 'CPU') 231 such as a microprocessor 
for computing and processing. An Input level of the WDM optical signal which is input to the optical 
amplifying part 240 is detected by the PD 226. 

[001 19] The optical amplllying part 240 is a conoerrtrated optical amplilyir^ circuit and comprises, 
for example, CPLs 241 and 243, an erbium-doped optical fiber (hereinafter abbreviated to 'EDF) 
242, laser diodes (hereinafter abbreviated to 'LD') 244 and 245, and an LD drive circuit 246. An 
erbium element is one of rare earth elements, whose element symbol Is Er and atomic number is 68. 
Bements which tielong to lanthanoids have similar properties to each other. 

[00120] The WDM optical signal input to the optical ampBfybig part 240 is input to the CPL 241 . To 
the CPL 241 , laser light output finom the LD 244 is also Input as pump Bght for the EDF 242. Various 
semiconductor lasers, for example, a Fabry-perot-resonating type laser, a distributed feedback laser, 
a distributed brag reflector laser, eta, can be utilized for the LD. However, the present invention is 
not fimited to these examples. 

[00121] The CPL 241 multiplexes the WDM optical signal input to tiie optical amplrfying part 240 
and the laser light output from tiie LD 244 and thereafter, inputs it to the EDF 242. To another end of 
tiie EDF 242, laser light output fiom tiie LD 245 is also input via ttie CPL 243. 

[00122] The EDF 242 absorbs ttie laser light output firam tiie LD 244 and the LD 245 to exdte an 
erbium ion in the EDF 242 and form an inverted population. When ttie WDM optical signal is input 
to the EDF 242 where the inverted population is formed, the EDF 242, in which stimulated emission 
is induced by ttie WDM optical signal, ampfifies ttie WDM optical signal. Thus, tiie EDF 242 is 
excited bi^irectionally. Since ttie LDs 244 and 245 are pump Oght sources for ttie EDF 242. 
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oscillation wavelengtlis thereof are set at an excitation wavelength of the EDF 242, for example, 
1480 nm, 980 nm, and so on. 

[001 23] An optical fiber amplifier doped with an erbium element Is used as an amplifier in the 
optical amplifying part 240 in this embodiment, but a rare earth element may be chosen according to 
an amplifying band of the optical amplifying part 240. As rare earth elements for amplifying other 
bands, for, example, neodymium (Nd), praseodymium (Pr), thulium (Tm), and so on are known. 
Thus, the present invention is not limited to the use of any specific rare earth element 

[00124] The LD drive drxxjit 246 outputs control signals to the LD 244 and the LD 245 respectively. 
The LD drive drcuit 246 adjusts, for example, element temperature of the LDs 244 and 245 to 
stebilize the osdllatidn wavelengths of the laser light Furthermore, the LD drive drcuit 246 adjusts, 
for example^ drive current of the LDs 244 and 245 based on a control signal of the CPU 231 to 
control optical power of the laser light, whereby a gain of the optical amplifying part 240 is controlled. 
There are rnany different ways to appropriately drive a laser diode, and the present invention is not 
limited to the spedfic way described here. 

[00125] The optical amplifying part 240 in FIG. 17 has a structure in which the WDM optical signal 
is amplified by one stage of flie erbiunn-doped optical fiber amplifier, but the optical amplifying part 
240 is not limited to tiiis stmcture. For example, tiie optical amplifying part 240 may have a 
two-stege structure, induding, for example, a first optical amplifier for amplifying light, an optical 
attenuating part for attenuating tiie light output finom the first optical amplifier, and a second optical 
amplifier for amplifying the light output from the optical attenuator. In tiie optical amplifying part 240 
thus structured, a gain as a function of wavelengtii, especially a gain slope of ttie optical amplifying 
part 240, can be adjusted in the first and the second optical amplifiers and an output level of tiie 
optical amplifying part 240 can be adjusted in the optical attenuator. As an optical attenuator for 
adjusting the output level, an optical variable attenuator which is able to attenuate an input light to 
tiiereby output it and to change attenuation amount thereof is suitable. The optical variable 
attenuator might by a fype which adjusts the attenuation amount by adding a magnetooptical crystal 
between the input light and an output light, adding a polarizer to an output side of tiie magnetooptical 
crystel, and applying a magnetic field onto the magnetooptical crystel to change the starengtii of tiie 
magnetic field. 

[00126] The WDM optical signal output firom ttie optical amplifying part 240 is input to an optical 
multiplexer/demultiplexer (hereinafter abbreviated to W-CPL') 224 for multiplexing the wavelengths 
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oftwo input lights. 

[00127] Meanwhile, an OS 229, which, for example, has the same staicture as that of an optical 
sender as previously described, generates an optical signal modulated by supervisory inlbmiation 
(hereinafter abbreviated to 'OSC'). The supervisory infomiation is information such as maintenance 
information and status infomriation which are necessary in operating the optical communication 
system and includes at least an output level of ttie WDM optical signal output from tiie optical 
transmitting station 1 01 . The OSC is set for example, on a shorter wavelength side than ch. 1 , 
which \s a minimum channel of the WDM optical signal. However, tiie present invention is not 
limited to tiie OSC being set at such a wavelength. For &wnp\e, the OSC m^ be set on a longer 
wave side tiian ch. m, whuch is a maximum channel of the WDM optical signal. 

[00128] TTie OSC generated in flie OS 229 is input to the W-CPL 224. TheW-CPL224 
multiplexes wavelengths of the WDM optical signal output from the optical amplifying part 240 and 
the OSC. The WDM optical signal whose wavelengfli is multiplexed witii tiiat of tiie OSC Is input to 
the CPL 225 to be divided into two signals. The one of the divided signals Is input to a PD 227 and 
the other is sent out to an optical transmission line 102-1 as an output of the optical transmitting 
station 101 to be transmitted to an optical repeater station 104-1 on a next stage. 

[00129] The PD 227 phofe)electrically converts input fight and an output thereof is converted to a 
digital signal in an A/D 230 and tiiereafter input to the CPU 231 . The PD 227 deteds tiie output 
level of the WDM optical signal output from the optical faransmitting station 101. 

[00130] The CPU 231 is connected to ttie A/Ds 228 and 230. the LD drive circuit 246, a memory 
232. and tiie OS 229 to transmit/receive signals to/from each of ttie circuits* Based on an output of 
tiie A/D 228 and an output of ttie A/D 230, tine CPU 231 controls tiie optical amplifying part 240 to 
obtain a fixed gain and contiiols it to obtain a fixed output The CPU 231 detects ttie output level of 
the WDM optical signal output from the optical bansmitting station 101 based on tiie output of tiie 
A/D 230, notifies the OS 229 of intbrmation on ttie output level, acconnmodates tiie Information on 
the output level in tiie OSC, and notifies ttie optical repeater station 104-1 on ttie next stage of it 

[00131] The memory 232 "is a storage circuit such as, for example, a semiconductor memory. 
Memory 232 stores control programs for controlling tiie optical amplifying part 240 and various data. 

[00132] Incidentally, an optical isolator may be provided, for example, in some place between tiie 
MUX 222 and ttie CPL 225. For example, it may be provided between ttie EDF 242 and tine CPL 
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241 or between the EDF 242 and the CPL 243. The optical isolator is an optical component which 
passes light therethrough only in one direction and it can be structured, for example, by disposing a 
Faraday rotator between two polarizers which are deviated by 45 degrees from each other. The 

optical Isolator prevents rBflected light which occurs in a connecting part and so on between each 
optical component in the optical transmitting station 101 from propagating without limit Particularly, 
when the reflected fight returns to the semiconductor laser, the serrMCondudor laser is induced by the 
reflected light with various phases and amplitudes, whereby an oscfllation rrode thereof is changed 
and a noise is generated. These adverse efliects can be prevented by the optical isolator. 

[00133] Nfflcl. the structure ofthe optical repeaterstation 104 is explained. 

[00134] FIG. 18 is a diagram showing the structure of the optical repeater station in the optical 
communication system. In FIG. 18. a WDM optical signal transmitted, for example, along the optical 
transmission line 102-1. is input to a CPL 253 via a W-CPL251. Pump light outputfirom a pump 
light source unit 270 is input to the W-CPL 251 . 

[00135] The pump Oght source unit 270. which is an optical circuit for supplying the optical 
transmission fine 102-1 with the pump light used for distributed Raman amplification, is comprised of, 
for example. W-CPLs 272 and 273, polarization beam splitters (hereinafter abbreviated to VBS") 274 
to 276. LDs 277 to 282. and an Lb drive circuit 283. 

[001 36] Laser Dght output from the LD 277 and laser light output from the LD 278 are Input to the 
PBS 274 and polarized/synthesized to be laser fight having linear polarization constituents which 
cross at right angles with each other. Similariy. laser light output from the LD 279 and laser light 
output from the LD 280 are input to the PBS 275 to be polarized/synthesized and laser fight output 
from the LD 281 and laser light output from the LD 282 are input to the PBS 276 to be 
polarized/synthesized. 

[00137] The laser light polarized/synthesized in the PBS 275 and the laser light 
polarized/synthesized in the PBS 276 are input to the W-CPL 273 and wavelengths thereof are 
multiplexed. The laser fight whose wavelengths are multiplied in the W-CPL 273 and the laser light 
which is polarized/synthesized in the PD 274 are input to the W-^L 272 and wavelengths thereof 
are multiplexed. 

[00138] The laser light whose wavelengths are multiplexed in the W-CPL 272 is input as the pump 
light to the optical transmission fine 1 02-1 via the W-CPL 251 and Raman-amplifies the WDM optical 
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with the optical transmission line 102-t serving as an amplifying medium. 

[00139] Here, for ©cample, as for osdilation wavelengths of the IDs 277 to 282, the LD 277 is set 
at a wavelength of 142Z0 nm, the LD 278 at a wavelength of 1426.0 nm. the LD 279 at a 
wavelength of 1433.0 nm, the LD 280 at a wavelength of 1437.0 nm. the LD 281 at a wavelength of 
1459.5 nm, and ttie LD 282 at a wavelength of 1463.5 nm respectively in order to Raman-amplify the 
WDM optical signal in which each optical signal is an^ged at 1 529 nm to 1 569 nm. When 
considering a gain as a function of wavelength in a case in which the Raman-amplification is 
performed by laser light with one wavelength, a gain as a function of wavelengtti in a case in which 
the Raman amplification is performed by the pump light including six wavelengths can be fomried in a 
- substantially linear shape at 1 529 nm to 1 569 nm by sefling flie osdlation wavelengths of the IDs 
277 to 282 at these wavelengttis. Of course, these are only example wavelengtiis, and tiie present 
invention is not limited to any specific wavelengUis. 

[00140] The LD drive circuit 283 outputs control signals to the IDs 277 to 282 respectively. TlTe 
LD drive circuit 283 adjusts the element temperature of tine LDs 277 to 282 to stabilize the oscillation 
wavelengths of the laser light Furthermore, tiie LD drive cfrcuit 283 adjusts drive current of tiie LDs 
277 to 282 based on a control signal of a CPU 261 to corrtrol optical power of tiie laser light so that a 
. gain of the Raman amplification is contfolled. 

[00141] Incidentally, in FIG. 1 8, the pump light source unit 270 is comprised, for example, of six LDs 
277 to 282 in order to obtain necessary pump light power and obtain a necessary gain as a function 
of wavelengtti, but the number of LDs may be detennined according to ttie necessary pump light 
power and gain as a function of wavelengtti. 

[00142] The WDM optical signal input to the CPL 253 is divided into two signals. One of tiie 
divided signals is input to a PD 256 and ttie ottier is input to a W-CPL 261 . 

[00143] The PD 256 photoeiedrically converts tiie input light and an output fliereof is input to tiie 
CPU 261 after converted to a digital signal in an A/D 258. The PD 256 detects an output level of ttie 
WDM optical signal input to ttie optical repeater stetion. 

[001 44] The W-CPL 261 demultiplexes wavelengttis of ttie OSC and tti WDM optical signal to 
output ttie OSC to an optical receiver (hereinafter abbrexflated to 'OR*) 263 and output tiie WDM 
optical signal to an optical signal processing unit 262. Therefore, a cutoff wavelengtti of the W-CPL 
261 is set between wavelengtti bands of ttie OSC and tiie WDM optical signal. The OR 263 
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receives and processes the OSC to take out the supervisory information from the OSC and notifies 
the CPU 261 of the supervisory infomnation. Thereby, the CPU 261 can obtain an output level of the 
optical transmitting station 101 on the preceding stage. 

[00145] The optical signal processing unit 262 amplifies Uie WDM optical signal and/or adds/drops 
a predetermined optical signal (channel) to/from the WDM optical signal according to a function 
required by tiie optical repeater station 1 04-1 . 

[00146] The structure in tiie case of amplifying the WDM optical signal is the same as tine structure 
of the optical amplifying part 240 which Is described referring to FIG. 17, and ttierefore, the 
explanation tiiereof is omitted. 

[00147] The structure in the case of adding/dropping is such that, for, example. In order to drop a 
predetermined optical signal to be dropped, a CPL for dividing the WDM optical into two, an optical 
signal rejecting part for rejecting a predetemnined optical signal fiiom tiie WDM optical signal which is 
output from the CPL. a W-CPL for adding an optical signal to be added to tiie WDM optical signal 
which is output firom the optical signal rejecting part (witti tiie predetenmined optical signal being 
rejected) are provided. The optical signal rejecting part is structured by connecting in cascade 
optical filters, for example, fiber grating filters (hereinafter abbreviated to 'FBG'), in the number 
oonresponding to a predetemnined numl)er of optical signals to be dropped. Reflected wavelength 
bands of the FBGs connespond to wavelengtiis of channels to be dropped respectively. 

[00148] Incidentally, an acoustooptical tunable filter (AOTF) may be used, for example, as ttie 
optical signal rejecting part The acoustooptical tunable filter is an optical component which induces 
a refractive index change in an optical waveguide by an acoustooptical effect and rotates a 
polarization state of light whidi propagates through the optical waveguide to separate/select 
wavelengtii. 

[00149] The stnjcture in the case of carrying out hcAh of the functions can be obtained by 
connecting each of tiie structures in cascade. 

[00150] The WDM optical signal output finom tiie optical signal processing unit 262 Is input to a 
W-CPL 254. 

[00151] Meanwhile, an OS 259 generates tiie OSC and tiiereafter, inputs the OSC to tiie W-CPL 
254, The OSC includes at least an output level of the WDM optical signal output ftom the optical 
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repeater station 1 04-1 . 

[001 52] The W-CPL 254 multiplexes wavelengths of the WDM optical signal output from the optical 
signal processing unit 262 and the OSC. The WDM optical signal to which the wavelength of the 
OSC Is multiplexed is input to a CPL 255 to be divided into two signals. One of the divided signals is 
input to a PD 257 and the other is sent out to an optical transmission line 102-2 as an output of the 
optical repeater station 104-1 to be transmitted to an optical repeater station 104-2 on a next stage. 

[001 53] The PD 257 photoeleclrically converts the Input light and an output thereof is Input to the 
CPU 261 after being converted to a digital signal in an A/D 260. The PD 257 detects the output 
level of the WDM optical signal output from the optical repeater station 1 04-1 . 

[001 54] The CPU 261 is connected to the A/Ds 258 and 260, the optical signal proofing unit 262, 
a memory 1262, the OR 263, the OS 259 and the LD drive circuit 283 in the pump light source unit 
270 to transmit/receive signals to/from these drcuits. The CPU 261 controls the LD drive drcuit 283 
based on the output level of the optical transmitting station 101 on the preceding stage which is 
obtained from the OSC in the OR 263 while referring to an output of the A/D 258 so that optical levels 
at both ends of the optical transmission line 102-1 become equal to each other or an optical level at 
an output end of the optical transmission line 102-1 becomes a predetermined value. The CPU 261 
strengthens frie pump light power by increasing the drive current of the LDs 277 to 282 when an 
input level does not reach the output level of the optical transmitBng station 101 on the preceding 
stage, and weakens the pump light power by decreasing the drive current of the LDs 277 to 282 
when the input level exceeds the output level of the optical transmitting station 101 on the preceding 
stage. The CPU 261 detects from tiie output of tiie A/D 260 the output level of tiie WDM optical 
signal which is output from the optical repeater station 104-1 as a local station, notifies tiie OS 259 of 
infomiaBdn about tills output level, accommodates tiie information about the output level in the OSC, 
and notifi^ the optical repeater station 1 04-2 on ttie n^ stage of it 

[00155] The memory 1262 stores, for example, control programs for continolling tiie pump light 
source unit 270 and various data 

[00156] In ttiis way. In tiie optical communication system as shown in FIG, 3, tine WDM optical 
signal is subsequentiy repeated in ttie plural optical repeater stations 104 from ttie optical transmitting 
station 101 and received in ttie optical receiving station 103. Here, each of tiie optical repeater 
stations 104 obtains an output level of tiie optical repeater station 104 on a preceding stage from ttie 
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OSC, uses it for controlling the pump iigiit source unit 270 of the own repeater station 104. 
accommodates the output level of the own repeater station 104 again in the OSC. and thereafta-. 
notifies an optical repeater station 1 04 on a next station of it 

[00157] Next, ttie structure of the optical receiving station 103 is explained. 

[00158] FIG. 1 9 Is a diagram showing the structure of tiie optical receiving station in Vne optical 
communication system. 

[00159] In FIG. 19, a WDM optical signal tiansmitted to the optical receiving station 103 lixjm an 
optical repeater station 104-a on a preceding stage via an optical transmission line 102-a+1 is input 
to a CPL 292 via a W-CPL 291 . To the W-CPL 291 . pump light output firom a pump light source unit 
297 is input The pump light source unit 297 is an optical circuit for supplying tiie optical 
transmission line 102-a+1 with tiie pump light for distributed Raman amplification and has the same 
stmdure, lor example, as that of ttie pump light source unit 270, and therefore, ttie explanation 
thereof is omitted. 

[001 60] The WDM optical signal input to the CPL 292 is divided into two signals. One of ttie 
divided signals is input to a PD 295 and tiie otiier is input to a W-CPL 293. 

[00161] The PD 295 photoeledrically converts flie input light and an output tiiereof is input to a ^ 
CPU 299 after being converted to a digital signal in an A/D 298. The PD 295 detects an output level 
of ttie WDM optical signal Input to the optical receiving station 103. 

[00162] The W-CPL 293 demultiplexes wavelengttK of an OSC and the WDM optical signal to 
output ttie OSC to an OR 296 and output ttie WDM optical signal to an optical amplifying part 294. 
Therefore, a cutoff waveiengtti of ttie W-CPL 293 is set between ttie wavelengtii of ttie OSC and ttie 
wavelengtti band of ttie WDM optical signal. The OR 296 receives and processes ttie OSC to take 
out supen/isory Information fiom the OSC and notifies ttie CPU 299 of ttie supervisory infomiation. 
Thereby, ttie CPU 299 can obtain ttie output level of ttie optical transmitting station 104-a on a 
preceding stage. 

[00163] The optical amplifying part 294 is an optical circuit for amplifying ttie WDM optical signal to 
a predetermined optical level and has ttie same structure as ttiat of ttie optical ampfflying part 240 
which is described referring to FIG. 17 and ttierefore, ttie explanation ttiereof is omitted. 

[00164] The WDM optical signal output firom ttie optical amplifying part 294 is input to an optical 
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demultiplexer (hereinafter abbreviated to 'DEMUX") 301 for demultiplexing light to each wavelength. 
The DEMUX 301 demultiplexes the WDM optical signal to each optical signal con-espondirig to each 
channel. The demultiplexed optical signals con^sponding to respective channels are input to ORs 
302-1 to 302-m respectively to be recelved/processed. Each of the ORs 302 is composed of, for 
example, an optical receiving part such as a pholodlode. an equalization amplifier for equalizing an 
output of the optical receiving part, a timing drcurt for extracting a timing from an output of the 
equalization amplifier, and a discriminating circuit for taWng out a signal finom the output of the 
equalization amplifier at the timing of the timing drcuit 

[001651 The CPU 299 is connected to the A/D 298. the pump fight source unit 297. the optical 
amplifying part 294. and a memory 303 to Iransmitfrecelve signals toffimm these devices. The CPU 
299 controls the LD drive circuit 283 in the pump light source unit 270 in based on an output of the 
A/D 298. 

[001661 The memory 303 stores control programs for controning the pump Oght source unit 297 and 
various data. 

[001671 As an example, a dielectric multilayered film fUter which is one of interference fitters, an 
arrayed waveguide grating, and so on can be utilized as the MUX. the DEMUX or the W-CPL 

[00168] As shown in RG. 4A. each of the optical transmission lines which connects each section ' 
between the optical transmitting station 101 . each of the optical repeater stations 104. and the optical 
receiving station 103 includes, in each section, ttie first optical transnnlsslon line 102-L1 v«th a smaH 
characteristic value, the second optical transmi^lon line 102-L2 witti a large characteristic value, and 
the ttiirxJ optical transmission line 102-1-3 with a small characteristic value In sequence finom a 
transmtttingsidetoareceivingside. As ttie first optical ti^nsmission fine 102-L1 and ttie third optical 
transmission One 1 02-L3, for example, a single mode optical fiber can be used and. as tiie second 
optical transmission fine 102-L2. for example, a wavdengtti dispersion shift optical fiber can be used. 

[00169] Here, mode field diameters, are different from each ottier due to difference in characteristic 
values. 

[00170] FIGS. 20A, 20B and 20C are views showing examples of mode conversion splicing. 

[00171] In FIG. 20A. an optical fiber with a small characteristic value has a larger mode field 
diameter (r1) ttian a mode field diameter (r5) of an optical fiber witii a large characteristic value 
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(r1>r5). Therefore, when the first optical transmission line 102-L1 (the third optical transmission line 
102-L3) and the second optical transmission line 102-L2 are simply connected, a large amount of 
connection loss is caused due to difference in mode field diameter . 

[00172] Herein, as shown in FIG. 20B. a single or a plural of. for example, three optical 
transmission lines with different mode field diameters for connecting parts are prepared and with the 
use of optical transmission lines 102-a to 102-c the mode field diameters are changed step by step to 
connect the optical transmission lines. AltemateV. as shown in FIG. 20C. they may be connected 
with each other with the mode field diameters being changed step by step by fusing the connecting 
parts. 

IP0173] In orderto compensate the wavelength dispersion ofthe optical transmission line 102.itis 
suitable that an absolute value of a wavelength dispersion slope di of the first optical transmission 
Iine102-L1 (the third optical transmission One 102-L3) and an absolute value of a wavelength 
dispersion slope da ofthe second optical transmission line 102-L2 are nnade almost equal to each 
other so that the wavelength dispersion slope ofthe optkal transmission fine 102 becomes almost 
zero. 

[00174] Next, the structure of a bi-directional optical communication system is explained. 
Ip017q FIGS. 22A and 22B are diagrams showing the structure of the b-Klirectional optical 
communication system. Referring now to FIGS. 22A and 22B. the bWlrectional optical 
communication system includes optical transmitting/receiving stations 111-Aand 111-B for generating 
a WDM optical signal of a plurality of waves in the number of m and receiving/processing the 
transmitted \NDM optical signal, optical fiber cables 112-1 through 11 2-a+1. each of which is 
comprised of optical fibers (see 122-L1 . 122-L2 and 122-L3 in FIG. 228) for transmitting an upward 
WDM optical signal therethrough between the optical transmitting/receiving stations 111^ and 111-B 
and serving as optical amplilying media, and optical fibers (see 1234.1. 123-L2 and 123-L3 in FIG. 
22B) tor transmitting a downward WDM optical signal therethrough and serving as optical amplifying 
media 

[00176] FurtherniOTB. in the bidirectional optical communication system, optical repeater stations 
(such as optical repeater stations 1 1 4-1 to 1 14-a In FIG. 22A) are connected between each of ttie 
optical fiber cables. The plural optical repeater stations 114-1 to 114-a are provided between each 

ofthe optical fiber cables 112-1 to 112-a+1. 
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[00177] Each optical repeater station 1 14-1 to 1 14-a typically includes a pump light source for 
supplying pump light for distributed optical amplification. For example, as shown in FIG. 22B. optical 
repeater stations 1 14-A and 1 14-B are adjacent to each other along the transmission line. Optical 
repeater station 1 14-A includes pump light source units 27(>-Aa and 270-Ab for supplying cables witii 
pump light for distributed optical amplification. Similariy. optical repeater station 1 14-B includes 
pump light source units 270-Ba and 270-Bb for supplying cables witii pump light fbr distributed optical 
amplification. The pump light source units 270 would fypically also be provided in the optical 
transmitting/receiving stations 111-A and 111-B, 

[00178] Each of the optical transmission/receiving stations 111-A and 111-B can be structured, for 
example, by combining the optical transmitting station 101 and the optical receiving station 103 as 
described above. Each of ttie optical repeater stations 1 14-a tiirough 1 1 4-a can be starudured, for 
example, by combining two optical repeater stations 104 as described above 

[00179] Each of tiie optical fiber cable acoonnmodates tiierein a plurality of optical fiber core fibers 
being tied togetiierand is basically structured by including tiie optical fiber core fibers, high tensile 
material, and an outer cover. The opta'cal fiber core fibers are optical fibers covered witii protective 
nnaterial such as, for example, nylon. The high tensile material prevents extension of tiie optical 
fibers which is caused by tension when the optical fiber cable is laid so that excessive extension does 
not occur in tiie optical fibers. Various optical fiber cables are being developed from tiie viewpoint of 
transmission characteristics, laying operability, and connecting operabiliV, and. ft^ example, a nylon 
core fiber unit cable, a loose tube cable, a slot cable, and a ribbon slot cable are among ttienrL 

[00180] As shown in FIG. 22B. the optical fiber 122 for transmitting tiie upward WDM optical signal 
theretiirough is comprised of a first optical filler 122-L1 which has a small characteristic value, a 
second optical fiber 122-L2 which is connected to tiie first optical fiber 122-L1 and has a large 
characteristic value, and a tiiird optical fiber 122-L3 which is connected to the second optical fiber 
122-L2 and has a small characteristic value. The first optical fiber 122-L1 is connected to an optical 
repeater station 114A which is disposed on the upstream side of the transmission direction of the 
WDM optical signal, and ttie tiiird optical fiber 122-L3 is connected to an optical repeater station 
1 14-B which is disposed on tiie downstream side of tiie transmission direction of the WDM optical 
signal. 

[00181] Meanwhile, as shown in FIG. 22B. ttie optical fiber 123 fortransmitting tiie downward 
optical signal is comprised of a first optical fiber 123-L1 which has a small characteristic value, a 
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second optical fiber 1 23-L2 yNhidn is connected to the first optical filjer 1 23-L1 and has a large 
characteristic value, and a third optical fiber 123-L3 which is connected to the second optical fiber 
123-L2 and has a small characteristic value. The first optical fiber 123-L1 is connected to tiie optical 
repeater station 1 14-B which is disposed on the upstream side of the transmission direction of ttie 
WDM optical signal and the third optical fiber 123-L3 is connected to the optical repeater station 
1 14-A which is disposed on the downstream side of the transmission direction of the WDM optical 
signal. 

[00182] In the bi-dliecfional optical communication system as described above, ttie optical fibers 
1 22 and 123 Whose characteristic values are larger in middle fidds thereof than characteristic values 
in fields other than the middle fields are used to transmit a WDM optical signal and to Raman-ampBfy 
the WDM optical signal. The wavelengtti dispersion, the transmission loss, and the noryinear qatical 
effect can be compensated in a well-balanced manner as a whole and the optical SNR can be 
improved nnost 

[00183] Furthemiore, due to its symmetric characteristic, a lengtii of the optical fiber 122-L1 and a 
length of the optical fiber 123-L3, a length of tiie optical fiber 122-L2 and a length of ttie opti'cal fiber 
123-U2, and a length of ttie optical fiber 122-L3 and a lengtii of ttie optical fiber 123-L1 can be mad 
equal to each ottier, respective^, so that the optical fiber cable can be manufactured easily. 

[001 84] The distiibuted optical amplifying apparatus, the optical communication station, ttie optical 
communication system, and tiie optical fiber cable according to ttie present invention can 
compensate the wavelengtti dispersion, the transmission loss, and ttie nonlinear optical effect in a 
wen-balanced manner as a whole and also Innprove tiie optical SNR most 

[00185] Therefore, tine transn^ssion distance can be lengttiened compared witti ttiat in a 
conventional art 

[00186] According to various of ttie above embodiments of ttie present invention, a distributed 
optical amplriying apparatus includes an optical fiber whose characteristic value in a middle field 
thereof is larger than characteristic values in fields ottier tiian ttie middle field when a value of a 
nonlinear refractive index divided by an effective cross section Is supposed to be a characteristic 
value, and a pump light source for supplying pump l^ht to tiie optical fiber. 

[00187] Furttier, according to various embodiments of tiie present invention, a distiibuted optical 
amplifying apparatus includes an optical fiber which is comprised of a first optical fiber which has a 
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first characteristic value, a second optical fiber which is connected to the first optical fiber and has a 
second characteristic value larger than the characteristic value of the first optical fiber, and a third 
optical fiber which is connected to the second optical fiber and has a third characteristic value snnaller 
than the characteristic value of the second optical fiber. The charaderistic value is a nonlinear 
refractive index divided by an effective cross section. A pump light source supplies pump light to the 
optical fiber. 

[00188] Moreover, according to embodiments of the present invention, an optical communication 
station includes a processing device for performing pnedetemained processing for an optical signal, 
an optical fiber which is connected to the processing device and is composed of a first optical fiber 
having a first characteristic value, a second optical fiber which is connected to the first optical fiber 
and has a second diaracteristic value larger tiian tiie characteristic of the first optical fiber, and a tinird 
optical fiber which is connected to the second optical fiber and has a third characteristic value smaller 
than the characteristic value of the second optical fiber. The characteristic value is a nonlinear 
refiractive index divided by an effective cross section. The optical communication station also 
includes a pump light source supplying pump light to the optical fiber. 

[001 89] In addition, according to above embodiments of the present invention, an optical 
communication system indudes a first station and a second station for perfonming predetemnined 
processing for an optical signal. The optical communication system also indudes an optical 
ti^nsmission line for connecting the first station and the second station. The optical transmission 
line is an opta'cal fiber composing of a first optical fiber which has a first characteristic value, a second 
optical fiber which is connected to the first optical fiber and has a second characteristic value larger 
than tiie characteristic value of the first optical fiber, and a tiiird optical fiber which is connected to the 
second optical fiber and has a tiiird characteristic value smaller ttian the characteristic >^lue of flie 
second optical fiber. The characteristic value is a nonlinear refinacHve index divided by an effiective 
cross section. A pump light source supplies pump light to tiie optical fiber. 

[00190] According to various embodiments of the present invention, by an optical fiber cable 
indudes a plurality of optical fibers having charaderistic values in middle fields tiiereof larger tiian 
charaderistic values in fields ottier tiian ttie middle fields, wherein the charaderistic value is a 
nonlinear refradive index divided by an effective cross section. 

[00191] According to embodiments of tiie present invention, a distiibuted optical amplifying 
apparatus, an optical communication station, an optical communication system, and an optical fiber 
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cable as described above are provided with an optical fiber having a spedfic structure as described 
above so that the wavelength dispersion, the transmission loss, and the nonlinear optical effect can 
be compensated in a well-balanced manner as a whole and the optical SNR can be improved. As a 
result, transmission distance can be lengthened compared with that in the conventional art 

[001 92] Various values or levels are described herein as being almost equal to each other, thereby 
indicating that tiie values or levels are substantially equal. 

[00193] Various embodiments of the present invention relate to a fiber line including a plurality of 
optical fibers connected togetiier. For example, in various embodiments of flie present Invention, 
such as in FIG. 4A, an optical transmission line 102 includes first, second and tiiird optical fibers 
102-L1 . 102-L2 and 1 02-L3 connected togetiier. The term "fiber line" is simply intended to indicate 
an optical fiber (such as optical transmission line 102) fonmed of a plurality of optical fibers connected 
together, and is not limited to being a iFansmission" line for an optical communication system. 

[00194] Atthough a few prefenned embodiments of tine present invention have been shown and 
described, it would be appreciated by those skilled in tine art ttiat changes may be made in fliese 
embodiments without departing from tiie principles and spirit of the invention, the scope of which is 
defined in the claims and their equivalents. 
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